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3.  Scientific  Progress  and  Accomplishments 

The  technical  objectives  of  this  research  program  were  to  develop  and  synthesize  new  bulk  light-weight 
materials  with  desirable  microstructural  features  and  optimal  structural  combinations  (e.g.,  nanocrystalline, 
amorphous,  multi-phase)  that  endow  the  material  with  ultra-high  strength  for  future  Army  systems.  The 
research  work  involved  the  following  two  aspects:  first,  to  establish  a  fundamental  relationship  between 
synthesis,  microstructure  and  mechanical  behavior  of  these  novel  classes  of  materials;  second,  to  enhance  our 
fundamental  understanding  of  the  deformation  mechanisms  of  bulk  composite  materials  and  multi-phase  alloys 
that  own  a  characteristic  dimension  falling  in  the  nanometer  scale.  This  report  covers  the  research  activities 


made  during  the  period  from  June  1,  2006  to  March  31,  2010.  The  major  accomplishments  in  this  project  are 
described  as  follows. 

3.1  Al-Al85NiioLa5  Composite 

3.1.1  Synthesis  and  analysis  of  AlNiLa  amorphous  powder 

An  inert  gas  atomization  technique  was  applied  to  produce  the  amorphous  AlNiLa  alloy  powder  of  interest  that 
can  be  used  as  a  reinforcement  phase  in  synthesis  of  Al/Al  alloy  based  composites  via  mechanical  milling 
processing  route.  In  order  to  further  study  the  phase  transformation  reactions  that  occur  in  AlgsNiioLas  alloy 
during  mechanical  milling,  fully  and  partially  amorphous  AlNiLa  ribbons  (comprised  of  fcc-Al,  AI3M,  AlnLa3 
and  amorphous  phases)  as  starting  materials  were  selected  for  this  purpose.  X-ray  diffraction  (XRD)  analysis 
and  transmission  electron  microscopy  (TEM)  studies  showed  that  the  AI3M  phase  crystallized  whereas  the 
AlnLa3  phase  amorphized  during  mechanical  milling.  Differential  scanning  calorimetry  (DSC)  analysis 
revealed  that  the  difference  in  the  structural  stability  of  the  AL,Ni  and  AlnLa3  phases  are  related  to  the  chemical 
short-range  order  of  the  solute  atoms  in  the  amorphous  phase.  Additional  information  of  the  study  can  be 
found  in  the  previously  submitted  annual  technical  reports. 

3.1.2  Synthesis  and  microstructural  analysis  of  AlNiLa  reinforced  A1  and  A1  alloy  composites 

Two  materials  processing  routes  were  used  to  fabricate  bulk  AlNiLa  reinforced  A1  and  A1  alloy  composites. 
These  include:  (1)  direct  mixing  of  as-atomized  amorphous  AlgsNiioLas  powder  with  cryomilled  A1  powder 
followed  by  consolidation,  and  (2)  cryomilling  of  a  powder  mixture  of  commercial  purity  A1  and  amorphous 
ALsNi  loLas  followed  by  consolidation. 

Figure  1  shows  the  optical  microscope  (OM)  micrographs  of  an  amorphous  phase  reinforced  nanostructured 
5083  A1  alloy  which  was  fabricated  via  a  powder  mixture  of  amorphous  AlgsNiioLas  powders  and  cryomilled 
5083  A1  powders  followed  by  a  conventional  consolidation  process  of  a  cold  isostatic  press  (CIP)  and  extrusion, 
herein  designated  as  micro-nano-composites.  It  can  be  seen  that  the  AlssNiioLas  powders  are  uniformly 
distributed  in  5083  A1  matrix  (Figure  la).  The  amorphous  AlgsNiioLas  powders  are  homogeneously  crystallized 
during  the  extrusion  process  and  the  crystallized  phases  have  a  size  of  approximately  100  nm  (Figure  lb  and  lc). 

Figure  2  shows  the  TEM  images  of  bulk  amorphous  phase  reinforced  nanostructured  A1  in  which  amorphous 
AlgsNiioLas  powder  and  as-atomized  commercial  purity  A1  powder  was  blended,  cryomilled  together  and  then 
consolidated  into  bulk  samples  via  degassing,  HIP  and  extrusion,  herein  designated  as  nano-nano-composites. 
TEM  images  taken  from  HIP’ed,  and  extruded  samples,  respectively,  indicated  that  the  grain  size  of  A1  matrix 
in  the  HIP’ed  sample  is  around  100-200  nm  (Figure  2a)  and  following  extrusion,  the  grain  size  of  the  A1  matrix 
is  around  200-300  nm  (Figure  2b).  Since  the  extrusion  temperature  (300  °C)  is  lower  than  that  of  the  HIPping 
temperature  (400  °C),  the  TEM  results  suggested  that  the  deformation  during  extrusion  induced  grain  growth. 


Figure  1.  (a)  OM  image  showing  homogeneous  distribution  of  the  AIgsNiioLas  particles  (20%  in  5083  A1 
matrix);  (b)  BSE  images  of  the  AIgsNiioLas  particles. 
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Figure  2.  TEM  images  of  bulk  Al-5%Alg5NiioLa5  composite:  (a)  HIP’ed  sample  (A1  matrix),  (b)  Extruded 
sample  (A1  matrix). 

A  direct  cryomilling  of  a  powder  mixture  of  commercial  purity  A1  and  amorphous  Als5NiioLa5  led  to  a 
significant  refinement  in  particle  size  of  the  Al85NiioLa5  powder  in  the  nano-nano  composites,  as  compared  to 
the  micro-nano  composites.  In  the  nano-nano-composites,  the  Af  sNiioLas  reinforcement  showed  a  large  aspect 
ratio  of  approximately  20.  Al85NiioLa5  particle  size  refinement  was  achieved  during  cryomilling,  as  shown  in 
the  as-HIP’ed  sample  in  Figure  3a,  and  the  aspect  ratio  was  further  significantly  enhanced  during  extrusion,  as 
shown  in  Figures  3b,  3c  and  3d.  Fiber-like  AlgsNi  loLas  reinforcement  phase  was  generated  in  the  nano-nano- 
composites.  This  is  in  contrast  to  the  micro-nano-composites,  where  limited  aspect  ratio  was  observed  with 
increasing  the  volume  fraction  to  20%  (Figures  4).  Figure  5  shows  the  effect  of  cryomilling  on  the 
reinforcement  aspect  ratio. 


Figure  3.  SEM  BSE  images  showing  distribution  of  AlgsNiioLas  reinforcement  (nano-nano-composites),  (a) 
HIP’ed  sample,  (b)  Extruded  sample  in  transverse  direction,  (c)  Extruded  sample  in  longitudinal  direction. 


Figure  4.  SEM  BSE  images  showing  distribution  of  AlssNiioLas  in  extruded  samples  (micro-nano-composites), 
(a)  10%  Al85NiioLa5.  (b)  20%  Alg5NiioLa5. 
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^  Aspect  ratio 

Figure  5.  The  effect  of  cryomilling  on  the  reinforcement  aspect  ratio,  (a  and  b)  The  AlgsNiioLas  reinforcement 
was  blended  following  cryomilling.  (c)  The  AlgsNiioLas  reinforcement  was  blended  prior  to  cryomilling. 


3.1.3  Mechanical  Properties  of  Al-AlgsNiioLas  Composite 

The  reinforcement  effect  of  the  AlgsNi  loLas  phase  on  the  mechanical  properties  of  the  composites  was  studied. 
Compressive  tests  showed  that  the  bulk  micron-nano  composite  sample  with  20  vol.%  Al85NiioLa5  and  80 
vol.%  5083 A1  exhibited  a  strength  higher  than  1000  MPa,  whereas  the  bulk  micron-nano  composite  sample 
with  10  vol.%  AlgsNiioLas  and  90  vol.%  5083 A1  showed  a  strength  higher  than  800  MPa  (see  Figure  6).  For 
comparison  purposes,  a  stress-strain  curve  of  a  conventional  coarse-grained  5083  A1  was  also  included. 


Figure  6.  Compressive  stress  vs.  strain  curves  of  cryomilled  5083  A1  mixed  with  0%,  10%  and  20%  amorphous 
AlssNiioLas  particle.  Room  temperature. 
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Compressive  and  tensile  tests  of  the  bulk  nano-nano  composites  were  carried  out  at  room  temperature  and  the 
results  are  shown  in  Figure  7.  It  is  very  promising  that  the  yield  strength  (in  compression)  of  nano-nano 
Al+5vol.%  Als5NiioLa5  composite  reached  550  MPa,  whereas  the  bulk  sample  100%  cryomilled  A1  showed  a 
yield  strength  of  approximately  350  MPa.  For  comparison  purposes,  a  stress-strain  curve  of  a  conventional 
coarse-grained  A1  is  also  included. 


True  strain 

Figure  7.  Compressive  and  tensile  stress  vs.  strain  curves  of  cryomilled  Al,  and  nano-nano  Al+5vol.% 
AbsNiioLas  composite.  Room  temperature. 

3.2  Nanostructured  Mg  Alloy 

The  mechanical  behavior  and  microstructure  of  nanocrystalline  (nc)  Mg  AZ80  alloy,  synthesized  via  a 
cryomilling  and  spark  plasma  sintering  (SPS)  approach  is  reported  and  discussed.  The  effects  of  cryomilling 
processing  on  chemistry,  particle  morphology,  and  microstructure  of  the  Mg  alloy  powder  are  also  described 
and  discussed. 

3.2.1.  Cryomilling  of  Mg  AZ80  Powder 

The  starting  material  used  in  this  study  was  a  gas  atomized  Mg  AZ80  powder  (7.83wt.%  Al,  0.47wt.%  Zn,  and 
0.16wt.%  Mn).  The  as-received  Mg  AZ80  powder  used  for  cryomilling  had  an  average  particle  size  of  55  pm, 
distributed  in  the  range  of  10  to  106  pm  with  spherical  morphology.  Due  to  a  strong  affiliation  of  Mg  to 
nitrogen,  the  cryogenic  milling  experiment  was  performed  on  a  modified  1-S  Szegvari-type  attritor  with  liquid 
argon  at  temperatures  92  ±  5  K.  The  Mg  powders  were  cryomilled  for  8  hours  with  a  ball-to-powder  ratio  (BPR) 
of  60: 1  (wt/wt)  and  an  impeller  rotation  speed  of  180  rpm.  The  process  control  agent  (PCA)  was  not  used  in  the 
cryomilling  run  as  the  powders  did  not  agglomerate  in  the  liquid  Ar  media.  At  the  end  of  the  cryomilling  runs, 
the  powders  were  discharged  into  a  closed  transfer  can,  which  was  then  handled  in  an  Ar  atmosphere  glove  box. 
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Figure  8.  SEM  micrographs  showing  the  morphology  of:  (a)  &  (b)  as-received  gas  atomized  Mg  AZ80  powder 
and  (c)  &  (d)  as-cryomilled  Mg  powder  using  liquid  argon. 

3.2.2  Microstructural  Analysis  of  Cryomilled  Mg  AZ80  Powder 

The  cryomilled  Mg  powders  were  analyzed  using  transmission  electron  microscopy  (TEM).  Figure  9  shows  the 
TEM  micrographs  and  selected-area  diffraction  (SAD)  pattern  of  the  nanostructured  Mg  powder  after 
cryomilling  of  8  hrs.  A  statistic  grain  size  range  from  10  to  90  nm  and  an  average  grain  size  of  41.2  nm  for  an 
8-hour  cryomilled  Mg  AZ80  powder  were  obtained  from  the  TEM  images.  It  is  interesting  to  note  that  some 
deformation  twins  were  observed  as  indicated  by  the  arrow  in  Figure  9(b).  As  shown  in  Figure  9(c),  the  SAD 
pattern  of  the  Mg  grains  shows  a  ring  pattern,  indicating  that  the  individual  grains  are  in  nanoscale  size  and 
separated  by  high-angle  grain  boundaries  and  have  a  random  orientation  with  neighboring  grains.  The 
corresponding  histogram  of  the  grain  size  distributions  of  cryomilled  Mg  AZ80  powder  is  given  in  Figure  9(d). 
The  grain  size  was  found  normally  distributed  and  mostly  concentrated  around  40  nm.  Although  more  than  70% 
of  the  grains  were  in  the  size  range  of  20-60  nm,  some  grains  in  the  coarse  regions  were  as  large  as  150  nm. 
Overall,  the  number-based  mean  grain  size  of  the  as-cryomilled  Mg  powder  was  41.2  nm. 


(a)  (b) 
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Figure  9.  TEM  micrograph  of  cryomilled  Mg  AZ80  powders:  (a,  b)  bright- filed  image  of  Mg  powder  after  an  8 
hour  milling,  and  (c)  its  correspondent  SAED,  and  (d)  histograms  of  grain  size  distribution  of  cryomilled 
nanostructured  Mg  AZ80  powders. 

3.2.3  SPS  Sintering  of  Cryomilled  Mg  Powder 


Bulk  nanostructured  Mg  AZ80  alloy  samples  were  fabricated  via  SPS.  Cryomilled  powders  were  consolidated 
by  an  SPS-825S  DR.SINTER  apparatus  (SPS  Syntex  Inc.,  Japan)  under  a  vacuum  condition  (lower  than  6  Pa). 
Prior  to  SPS  processing  the  cryomilled  powders  were  loaded  in  a  graphite  die  (20  mm  diameter)  in  an  Ar  glove 
box  to  avoid  further  oxidation  of  the  Mg  powder.  SPS  was  performed  at  different  temperatures  with  3  minutes 
of  holding  time  while  a  heating  rate  of  120°C/min  and  a  sintering  pressure  of  100  MPa  were  used.  The  purpose 
of  using  different  sintering  temperatures  was  to  investigate  its  influence  on  density  and  mechanical  behavior. 
Figure  10  shows  the  variation  of  displacement  of  graphite  die  punch  units  as  a  function  of  heating  temperature 
for  different  sintering  temperature  and  powders.  The  1st  shrinking  regime  occurred  with  increasing  temperature 
while  the  applied  pressure  of  80  MPa  remained  constant.  The  2nd  shrinking  regime  occurred  with  increasing 
pressure  up  to  100  MPa  while  the  heating  temperature  was  kept  constant. 


Figure  10.  Displacement  variation  of  die  punch  as  a  function  of  heating  temperature. 


3.2.4  Microstructural  Analysis  of  SPS’ed  Bulk  Mg 

Figure  11  shows  the  typical  TEM  micrographs  and  corresponding  selected  area  electron  diffraction  (SAED) 
pattern  for  the  SPS’ed  Mg  samples,  with  an  observation  of  bimodal  grain  structure.  In  the  case  of  the  sample 
SPS’ed  at  350°C,  the  mean  grain  size  of  the  fine  grain  (FG)  matrix  is  measured  to  be  approximately  68.9  nm, 
which  is  slightly  larger  than  that  of  the  as-cryomilled  Mg  powder,  presumably  suggesting  limited  grain  growth. 
In  comparison,  the  mean  grain  size  of  the  coarse  grained  (CG)  region  (total  5%  in  vol.)  at  the  interfaces  of 
particles  is  measured  to  be  495.3  nm.  The  corresponding  histograms  for  the  grain  size  distributions  of  SPS’ed 
Mg  AZ80  materials  are  shown  in  Figure  12.  The  grains  at  the  particle  interfaces  appear  to  have  experienced 
more  coarsening  when  compared  to  grains  in  the  interior  of  the  particles,  leading  to  the  observed  bimodal 
nanostructure.  Inside  of  the  coarse  grain  regions,  nano-sized  MgnAl^  precipitates  (~  30  nm)  were  observed. 
These  are  illustrated  with  arrows  in  Figure  13(a).  Energy  Dispersive  X-ray  Spectroscopy  (EDX)  quantitative 
analysis,  in  combination  with  TEM,  was  used  to  measure  the  relative  amounts  of  elements  in  precipitated 
particles.  The  results,  as  shown  in  Figure  13(b),  indicate  that  the  precipitated  particles  contain  more  A1  than  that 
of  matrix,  which  implies  that  the  precipitated  particles  are  possibly  Mgi7Ali2  intermetallic  phase,  based  on  phase 
diagram  considerations.  The  relative  concentrations  of  Mn  and  Zn  are  also  higher  around  the  precipitated 
particles  than  that  in  the  matrix. 
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Figure  12.  Histogram  of  grain  size  distribution  of  SPSed  Mg  AZ80  in  (a)  fine  and  (b)  coarse  grain  area. 


(a)  (b) 

Figure  13.  TEM  micrograph  of  SPSed  Mg  AZ80  bulks  showing  precipitated  particles  in  coarse  grains. 


3.2.5  Mechanical  Properties  of  Bulk  Nanostructured  Mg 

Room  temperature  compression  and  microhardness  studies  were  conducted  to  provide  insight  into  the 
mechanical  behavior  of  cryomilled,  SPS’ed  MgAZ80  samples.  Figure  14  shows  the  variation  of  microhardness 
for  SPS’ed  samples  fabricated  at  different  temperatures.  The  microhardness  of  the  SPS’ed  samples  using 
cryomilled  powder  is  twice  as  high  as  that  of  the  SPS’ed  material  using  as-atomized  powder,  and  moreover,  it 
increases  with  increasing  SPS  sintering  temperature  and  a  concomitant  increase  in  density.  The  maximum 
measured  microhardness  was  146  HY,  which  is  significantly  higher  than  the  values  for  conventional  Mg  alloys. 
Figure  15  shows  the  compression  stress-strain  curves  of  the  SPS’ed  samples.  The  measured  highest  ultimate 
strength  for  SPS’ed  MgAZ80  (using  cryomilled  powder)  is  545.9  MPa  with  4.2%  strain  at  failure.  The  strength 
values  measured  for  SPS  samples  increase  with  increasing  sintering  temperature.  Despite  the  fact  that 
temperature  increase  facilitates  grain  growth,  clearly  the  extent  of  densification  in  this  temperature  range  plays  a 
more  important  role  in  strengthening. 
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SPSed  AZ80 


Figure  14.  Variation  of  microhardness  measured  with  different  SPS  sintering  temperature. 


Figure  15.  Compressive  properties  of  SPS’ed  Mg  AZ80  with  cryomilled  powder. 


3.3  Nanostructured  Ti  Alloys 

Nanostructured  Ti  and  Ti  alloys  were  fabricated  via  cryomilling  followed  by  conventional  consolidation 
including  HIP  and  Forge  and  Spark  Plasma  Sintering  (SPS),  respectively.  In  this  final  report,  the  results  of 
nanostructure  CP-Ti  synthesized  via  SPS  are  described. 

3.3.1  Cryomilling 

CP-Ti  (Grade-II)  powders  with  an  average  particle  size  of  55  (am  and  a  chemical  composition  (in  wt.%)  of 
0.19%  O,  0.0017%  N,  0.003%  C  and  0.013%  Fe  were  used  as  starting  materials  for  the  cryomilling  experiments. 
A  1  kg  batch  of  powders  was  cryomilled  for  8  hrs  in  a  liquid  argon  environment  (92  ±  5  K)  using  a  modified 
Union  Process  1-S  Szegvari  type  attritor  (impeller  rotation  speed  of  180  rpm),  a  stainless  steel  tank,  and  30  kg 
of  stainless  steel  balls.  Carbon  black  (C,  99.9+%,  acetylene)  (0.4  wt.%)  was  used  as  a  process  control  agent 
(PCA)  to  improve  powder  yield.  Elemental  chemical  analyses  of  both  cryomilled  powders  and  SPS  processed 
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bulk  samples  for  O,  C,  N,  H  and  Fe  were  carried  out  by  a  commercial  laboratory.  The  average  grain  size  of  the 
8  hrs  cryomilled  CP-Ti  powders  was  calculated  to  be  19  nm  from  analysis  of  XRD  peak  broadening  data. 

3.3.2  Spark  Plasma  Sintering 

The  as-processed  cryomilled  powders  were  blended  with  micron  sized,  as-received  powders  (70%  cryomilled  + 
30%  as-received,  wt/wt)  using  a  V-shape  blender  for  10  hrs  in  an  argon  environment.  The  blended  powders 
were  degassed  in  a  closed  stainless  steel  can  under  vacuum  (~10"  Pa)  at  350  °C  to  eliminate  moisture  and  other 
volatile  species.  The  degassed  powders  were  then  stored  in  an  argon  glove  box  until  SPS  processing  to 
minimize  possible  atmospheric  contamination. 

SPS  experiments  were  carried  out  using  an  SPS-825S  DR.  SINTER  apparatus  under  a  vacuum  condition  (~  6-8 
Pa).  A  total  of  9  samples  were  sintered  using  experimental  parameters  shown  in  Table  1  with  the  details. 
Accordingly  different  heating  rates  (50  °C/min  and  100  °C/min),  sintering  temperatures  (750  °C,  800  °C,  850 
°C,  and  900  °C),  dwell  times  (3  mins  and  5  mins)  and  pressures  (40  MPa  and  80  MPa)  were  used.  The  SPS’ed 
samples  were  ground  and  polished  to  fine  and  graphite-free  surfaces  prior  to  density  measurements  and 
microhardness  testing. 


Table  1.  List  of  SPS’ed  samples  with  corresponding  process  parameters. 


Sample  # 

Heating  Rate  (C/min) 

Dwell  Temp  [C] 

Dwell  Time  (mins) 

Pressure  (MPa) 

1 

50 

750 

5 

80 

2 

50 

800 

5 

80 

3 

50 

850 

5 

80 

4 

50 

900 

5 

80 

5 

50 

850 

3 

80 

6 

50 

850 

5 

40 

7 

100 

850 

3 

80 

8 

50 

850 

3 

40 

9 

100 

850 

5 

40 

3.3.3  Microstructural  Analysis  of  SPS’ed  CP-Ti 


Representatives  of  SPS  processed  sample  microstructures  are  given  in  Figures  16(a)-(d),  which  is  characterized 
by  distinct  coarse  grained  and  fine-grained  regions,  in  agreement  with  bimodal  material  design  (i.e.,  powder 
blending).  The  size  distribution  of  the  grains  in  the  fine  grained  region  was  measured  to  be  in  the  range  of  150- 
500  nm,  and  in  the  coarse  grained  region  was  measured  to  be  in  the  range  of  1000  nm  -  3000  nm.  Another 
characteristic  of  the  microstructures  is  the  observed  dislocation  tangling  near  grain  boundaries  as  represented  in 
Figure  16(d). 


Disfocatiun  rich  GBs 


(a) 


(b) 
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(c)  (d) 


Figure  16.  Representative  microstructure  images  showing:  (a)  &  (b)  general  view  of  coarse  grained  and  fine 
grained  regions,  (c)  fine  grained  region,  and  (d)  dislocation  tangling  near  grain  boundary  section. 


3.3.4  Mechanical  Properties  of  SPS’ed  CP-Ti 

Room  temperature  stress-strain  curves  for  specimens  tested  at  a  constant  strain  rate  (10~3  s'1)  are  presented  using 
a  comparative  approach  in  Figures  17-20.  Samples  #1,  #2,  #3,  and  #4  are  compared  in  Figure  11,  in  order  to 
reveal  the  isolated  effect  of  sintering  temperature  (i.e.,  identical  heating  rate,  pressure  and  dwell  time).  Very 
close  YS  and  UTS  values  were  measured  for  these  samples.  However,  not  surprisingly,  a  higher  sintering 
temperature  effectively  improved  the  ductility.  Such  behavior  is  attributable  to  weaker  particle-particle 
interfaces  for  samples  consolidated  below  850  °C.  Therefore,  the  high  post  necking  strain  measured  for  #4  is 
attributable  to  improved  inter-particle  bonding  that  hinders  crack  propagation  through  particle  boundaries.  The 
retained  strength  at  high  temperatures  is  attributable  to  limited  grain  growth  at  short  processing  times  for  SPS. 

In  Figure  18(a)-(b),  the  effect  of  applied  pressure  was  compared  for  different  samples  using  a  similar  approach 
(i.e.,  identical  heating  rate,  temperature,  and  dwell  time).  Not  surprisingly,  a  higher  applied  pressure  (80  MPa) 
improved  the  strength  and  ductility  of  samples  due  to  the  attained  higher  density. 

Again,  a  similar  comparative  approach  was  used  for  heating  rate  (i.e.,  identical  pressure,  temperature,  and  dwell 
time)  and  dwell  time  (i.e.,  identical  heating  rate,  temperature,  and  pressure)  dependence.  A  lower  heating  rate  of 
50  °C/min  was  found  to  improve  the  properties  as  compared  to  a  higher  heating  rate,  in  different  ways  when 
different  pressures  were  applied  (i.e.,  higher  strength  for  40  MPa  applied  pressure  [Figure  19(b)]  and  higher 
ductility  for  80  MPa  applied  pressure  [Figure  19(a)]).  Both  sample  #6  (50  °C/min)  and  sample  #9  (100  °C/min) 
processed  using  a  lower  applied  pressure  exhibited  a  limited  post  necking  strain  due  to  a  relatively  lower 
density.  The  higher  strength  of  #6  is  attributable  to  less  localization  of  heating  at  lower  heating  rates  reducing 
the  excessive  grain  growth.  However,  as  explained  previously,  such  localization  effects  are  smaller  when  a 
higher  applied  pressure  is  utilized.  Accordingly,  sample  #7  (100  °C/min)  and  #5  (50  °C/min)  (80  MPa  applied 
pressure  for  both)  exhibit  relatively  similar  tensile  behavior  when  compared  to  each  other.  The  larger  post 
necking  elongation  for  #5  is  attributable  to  a  longer  total  processing  time  improving  particle  bonding. 

A  notably  higher  strength  and  ductility  was  observed  for  sample  #5  (3  mins  of  dwell  time)  as  compared  to 
sample  #3  (5  mins  of  dwell  time)  revealing  the  dwell  time  dependence  as  illustrated  in  Figure  20.  The  longer 
dwell  time  is  thought  to  cause  coarsening  and  annihilate  the  non-equilibrium  microstructure  (characterized  by  a 
high  interface  energy  and  randomly  oriented  dislocations  at  grain  boundaries)  due  to  the  thermal  recovery  effect. 
The  higher  strength  of  cryomilled  CP-Ti  as  compared  to  that  of  conventionally  processed  CP-Ti,  is  primarily 
attributable  to  the  following  factors:  a  refined  microstructure,  an  increased  interstitial  solute  concentration,  and 
dislocation  strengthening.  These  factors  are  not  independent  from  each  other,  because  the  microstructure 
formation,  and  deformation  in  hep  Ti  has  a  strong  dependence  to  interstitial  solute  concentration. 
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One  of  the  most  conspicuous  findings  in  the  present  study  is  the  measured  high  ductility.  Elongation  to  failure 
values  ~30%  were  measured  for  samples  with  high  strength  (e.g.,  #4  and  #5).  As  mentioned  previously, 
elimination  of  extrinsic  effects  such  as  porosity  or  insufficient  inter-particle  bonding  is  an  essential  first  step. 
However,  even  a  density  near  theoretical  value  and  perfect  inter-particle  bonding  does  not  guarantee  a  high 
ductility.  The  intrinsic  microstructure  governs  the  deformation  and  is  responsible  for  the  mechanical  response  to 
applied  loads.  In  the  present  study,  formation  of  a  bimodal  microstructure  attained  via  blending  of  as-received 
coarse  grain  powders  with  cryomilled  powders,  is  thought  to  provide  strain  hardening  and  thereby  help  delay 
necking  instabilities.  The  introduction  of  coarse  grains  into  an  ultra-fine  and/or  nano  grained  matrix,  also 
represents  an  effective  strategy  to  suppress  crack  growth  and  help  retain  fracture  toughness.  This  is  also  thought 
be  an  additional  mechanism  for  the  retained  high  ductility  in  SPS  cryomilled  CP-Ti  materials  in  the  present 
study. 


SPS  -  Temperature  Dependence 


Figure  17.  Engineering  stress-strain  curves  comparing  #1,  #2,  #3,  and  #4,  in  order  to  reveal  SPS  temperature 
dependence. 

a)  SPS  -  Pressure  Dependence  b)  SPS  -  Pressure  Dependence 


Figure  18.  Engineering  stress-strain  curves  comparing  a)  #5  and  #8  (dwell  time=5  mins)  b)  #3  and  #6  (dwell 
time=  3  mins),  in  order  to  reveal  SPS  pressure  dependence. 
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a)  SPS  -  Heating  Rate  Dependence  b)  SPS  -  Heating  Rate  Dependence 


Figure  19.  Engineering  stress-strain  curves  comparing  a)  #5  and  #7  (pressure  =  80  MPa)  b)  #6  and  #9  (pressure 
=  40  MPa),  in  order  to  reveal  SPS  pressure  dependence. 


SPS  -  Dwelling  Time  Dependence 


Figure  20.  Engineering  stress-strain  curves  comparing  #3  and  #5  in  order  to  reveal  dwell  time  dependence. 
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